Patients with malignant gliomas have a poor prognosis and new treatment paradigms are needed against this disease. TRAIL/Apo2L selectively induces apoptosis in malignant cells sparing normal cells and is hence of interest as a potential therapeutic agent against gliomas. To determine the factors that modulate sensitivity to TRAIL, we examined the differences in TRAIL-activated signaling pathways in glioma cells with variable sensitivities to the agent. Apoptosis in response to TRAIL was unrelated to DR5 expression or endogenous p53 status in a panel of 8 glioma cell lines. TRAIL activated the extrinsic (cleavage of caspase-8, caspase-3 and PARP) and mitochondrial apoptotic pathways and reduced FLIP levels. It also induced caspase-dependent JNK activation, which did not influence TRAIL-induced apoptosis. Because the prosurvival PI3K/Akt pathway is highly relevant to gliomas, we assessed whether Akt could protect against TRAILinduced apoptosis. Pretreatment with SH-6, a novel Akt inhibitor, enhanced TRAIL-induced apoptosis, suggesting a protective role for Akt. Conversely, TRAIL induced caspase-dependent cleavage of Akt neutralizing its antiapoptotic effects. These results demonstrate that TRAILinduced apoptosis in gliomas involves both activation of death pathways and downregulation of survival pathways. Additional studies are warranted to determine the therapeutic potential of TRAIL against gliomas.
Introduction
TRAIL/Apo2L, a member of the TNF family, has demonstrated selectivity against malignant cells and is of therapeutic interest against nonmetastatic locoregional malignancies such as gliomas. It interacts with the death receptors, DR4 and DR5 (KILLER), and initiates a caspase-mediated cascade culminating in apoptosis. 1 This process involves recruitment of an adaptor protein, likely FADD, and subsequent activation of caspase-8 and caspase-3. [2] [3] [4] Both the extrinsic and intrinsic apoptotic pathways are activated downstream of TRAIL providing a complex signaling pathway that allows several levels of regulation. [5] [6] [7] TRAIL also associates with the decoy receptors, DcR1 and DcR2, the levels of expression of which were initially thought to determine cellular sensitivity to TRAIL; 8, 9 it has subsequently been shown, however, that receptor levels are not primary determinants of cellular sensitivity. 10, 11 Tumor cells are selectively sensitive to TRAIL-induced apoptosis, whereas most normal cells are resistant to its effects. [12] [13] [14] Preclinical studies examining the efficacy and toxicity of TRAIL in xenograft models have shown its potential as a therapeutic agent against malignancies. 15, 16 These data may be particularly relevant to nonmetastatic and regionally infiltrative tumors such as malignant gliomas, which may be amenable to local therapeutic approaches. Additionally, agents such as TRAIL that can selectively target tumor cells without causing toxicity to the surrounding normal tissue are of interest in clinical approaches to this disease.
TRAIL induced signaling is tightly regulated at various levels at and downstream of the receptors. Such complex regulatory mechanisms are believed to permit cross talk between the apoptotic and survival mechanisms allowing tight regulation of TRAIL-induced signaling. The role of the molecules such as Akt, which are involved in resistance to the apoptotic process, has been evaluated previously using overexpression paradigms. However, their relevance to TRAIL signaling and cellular sensitivity in gliomas in an endogenous setting has not been adequately studied. Similarly, JNK activation has been implicated with both facilitation and resistance to apoptosis signals and its significance to TRAIL-induced apoptosis in gliomas is uncertain. To address these gaps, we examined the role of Akt and JNK pathways, which are relevant to cellular survival, and stress induced pathways respectively in glioma cells with variable sensitivities to TRAIL.
Materials and methods

Cell lines
All cell lines used in the study were derived from human malignant gliomas. D54MG cells were a generous gift from Dr. Darrell Bigner (Duke University, Durham). The U251MG cell line was obtained from the National Cancer Institute. U87MG, U343, U373, A172, LN229 and T98G cells were purchased from American Tissue Type Collection (ATCC). The cells were maintained in DMEM-F12 (1:1,v/v) medium (Sigma Chemical Co., St. Louis, MO) supplemented with 5% fetal calf serum, at 37
• C in a humidified atmosphere containing 5% CO 2 .
Reagents and plasmids
Recombinant soluble TRAIL (His-tagged) was obtained commercially (Biomol, Plymouth Meeting, PA). To study the effect of caspase inhibition, the cells were preincubated with 100 µM of z-DEVD-fmk or z-IETD-fmk (Oncogene Research Products, San Diego, CA) for 24 h prior to addition of TRAIL. To inhibit JNK activity, cells were treated with Forskolin (Sigma Chemical Co., St. Louis, MO) at a concentration of 100 µM for 6 h prior to treatment with TRAIL. Additional experiments were performed using the fusion product D-JNK1, a cell permeable JNK inhibitor, which utilizes the ability of HIV-TAT protein to achieve cell permeability (Alexis Biochemicals, San Diego, CA). The novel Akt-specific inhibitor, SH-6, which does not inhibit PI-3-kinase nor interfere with activation of PDK-1 was obtained commercially (Alexis Biochemicals). 17 The plasmids encoding wt Akt (p-FLAG-hAkt1) and the caspase noncleavable Akt mutants pFLAG-Akt1(D108A),pFLAG-Akt1(D119A) and the double mutant p-FLAG-Akt1 (D108A/D119A) were kindly provided by Drs. T. Tsuruo and N. Fujita (University of Tokyo, Tokyo, Japan) and have been previously described. 18 
XTT assay
The cells were plated in triplicate to a final volume of 200 µL/ well at a density of 2 × 10 3 cells/well in a 96-well microtiter plate. The cells were exposed to TRAIL (1 µg/ml) for 0, 24, and 48 h. The XTT assay was performed according to the manufacturer's specifications (Roche Applied Science, Indianapolis, IN). Briefly, 50 µL XTT reagent mixed with the electron-coupling reagent was added to the wells and the plate was incubated for 6 h at 37
• C. Spectrophotometric absorbance was quantitated at a 490 nm wavelength using a microtiter plate reader.
Cell transfection D54MG cells were harvested at 50-60% confluence and plated at a density of 2 × 10 6 cells per dish in 60 mm dishes in DMEM-F12 medium with 15% FBS. After the cells had attached, they were transfected with 1 µg of pEGFP control vector, pFLAG-Akt, pFLAG-Akt (108A), pFLAG-Akt (119A) or p-mt Akt (108A/119A) using Fugene 6 according to the manufacturer's instructions. Transfection efficiency was verified by exogenous expression of a plasmid that generated EGFP.
Flow cytometry
Cells were plated at a density of 10 5 cells/dish in 60 mm dishes. Soluble TRAIL was added 24 h after plating the cells. The cells were harvested at 24, 72, and 96 h, and fixed in 70% ethanol. The cells were subsequently treated with propidium iodide (50 mg/ml) and RNase (20 mg/ml) for 15 min, prior to flow cytometry using an EPICS II flow cytometer (Coulter Corporation, Hialeah, FL) equipped with an air-cooled argon ion laser emitting at a wavelength of 488 nm at 15 mw. A minimum of 10,000 events was analyzed per sample using the Coulter cytological program.
TUNEL assay
A terminal deoxynucleotidyl transferase (TdT) assay was performed using the APO-DIRECT TM kit according to the protocol recommended by the manufacturer (Phoenix Flow Systems, Inc., San Diego, CA). Briefly, 10 5 cells plated in 60 mm dishes were harvested after treatment with TRAIL and processed for flowcytometric studies. The cells were fixed using freshly prepared 1% paraformaldehyde in PBS for 15 min on ice and incubated overnight at room temperature in a staining solution containing TdT enzyme, fluorescein-dUTP, and TdT reaction buffer. Following this, the cells were rinsed twice and resuspended in a solution of propidium iodide/RNase-A prior to flowcytometric analysis.
Western blot analysis
Equal amounts of protein from TRAIL-treated and untreated cells were subjected to SDS-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane (Schleicher and Schuell Inc., Keene, NH). The membrane was blocked using Blotto-Tween (5% nonfat dry milk, 0.05% Tween, 0.9% NaCl, and 50 mM Tris, pH 7.5). The following antibodies were used to de 19 Horseradish peroxidase-conjugated donkey antirabbit and goat anti-mouse antibodies (Amersham Corp., Arlington Heights, IL) were used as secondary antibodies. Actin levels were determined as a loading control using a mouse monoclonal anti-human actin antibody (Amersham Corp.).
Cytochrome C release studies
To assess cyt C release from the mitochondria, cells were washed in PBS and incubated for 30 min on ice in lysis buffer (68 mmol/L sucrose, 200 mmol/L mannitol, 50 mmol/L KCl, 1 mmol/L EGTA, 1 mmol/L EDTA, 1 mmol/L DTT, and 1x Complete protease inhibitor [Roche] ). The cells were subsequently homogenized with an ultrasound sonicator and centrifuged at 4
• C (800g ) to remove nuclei, unbroken cells, and debris. The supernatant was centrifuged at 14 000g for 15 min. The supernatant (cytoplasmic fraction) and pellets (mitochondria) were stored at − 70
• C for immunoblot analysis. The cytoplasmic fraction was analyzed for the presence of cyt C, indicating its release from the mitochondria.
JNK assay
Cells were treated with 1 µg/ml TRAIL for the duration indicated and total protein was collected as described. 20, 21 JNK activity was immunoprecipitated by rabbit anti-JNK antibodies. The precipitates were washed twice with lysis buffer, twice with LiCl buffer (500 mM LiCl, 100 mM Tris-Cl, pH 7.6) and twice with kinase buffer (20 mM MOPS, pH 7.2; 2 mM EGTA, 10 µM MgCl 2 , 1 mM dithiothreitol, 0.1% triton X-100 and 0.1 mM Na 3 VO 4 . The pellets were mixed with 2 mg GST-jun- • C. The reaction was terminated with an equal volume of Laemmli sample buffer and the products resolved with 10% SDS-PAGE and autoradiography. The relative kinase activities were normalized to the amounts of immunoprecipitated JNK assayed by immunoblotting and visualized by chemiluminesence.
Results
TRAIL activates the direct and indirect apoptotic pathways in glioma cells independent of DR5 expression or p53 status
We studied the effects of TRAIL on a panel of 8 glioma cell lines with varied p53 status (cells with wt p53, D54MG, U87MG, LN229 and U343; cells with mutant p53, U251, T98G, and U373). Of these cells, U87, LN229 and U373 cells were resistant to TRAIL-induced apoptosis whereas the remainder of the cells showed variable susceptibility to the agent, which was independent of their p53 status ( Figure 1A ). We also assessed the DR5 expression level to determine its relevance to TRAIL-sensitivity and the endogenous p53 status (data not shown). No correlation was found between TRAIL sensitivity and levels of DR5 expression or the endogenous p53 status. TRAIL activated caspase-8 in D54MG but not in U87MG cells. Pretreatment with the caspase-8 inhibitor, z-IETD-fmk, prevented caspase-8 activation ( Figure 1B ) and abrogated TRAILinduced cell death. TRAIL treatment also resulted in the expected downstream events, including caspase-3 activation and cleavage of poly-ADP-ribose polymerase (PARP) in D54MG cells (data not shown). Consistent with the role of caspase-3 acting downstream of caspase-8 in the death receptor-activated pathway, inhibition of caspase-3 processing using z-DEVD-fmk did not abrogate activation of caspase-8, but inhibited TRAIL-induced apoptosis.
Coincident with caspase-8 activation, TRAIL treatment resulted in cleavage of BID within 3 h of treatment in D54MG but not U87MG cells with the concurrent release of cyt C from the mitochondria ( Figure 2) ; inhibition of caspase-8 using z-IETD-fmk prevented TRAILinduced BID cleavage and release of cyt C. Interestingly, when caspase-3 processing was inhibited by z-DEVDfmk, neither cleavage of BID nor the subsequent release of cyt C was evident in the TRAIL-sensitive D54MG cell line, although caspase-8 processing occurred after treatment with z-DEVD-fmk). This finding suggests that caspase-3 could play a role in caspase-8-induced cleavage of BID in glioma cells or induce the release of cyt C by itself. (A) D54MG and U87MG cells were harvested after treatment with TRAIL (1 µg/ml) for the time periods indicated. BID cleavage was analyzed by Western blot analysis. To assess cyt C release from the mitochondria, cells were harvested, lysed, and centrifuged to separate the cytoplasmic fraction from the subcellular organelle and nuclear fractions. The cytoplasmic fraction was analyzed for the presence of cyt C, indicating its release from the mitochondria. (B) Cells were pretreated with either a caspase-8 (z-IETDfmk) or caspase-3 (z-DEVD-fmk) inhibitor for 4 h prior to adding TRAIL. BID levels and cyt C release were assessed by Western blot analysis.
TRAIL treatment results in a reduced FLIP L level in sensitive cells
Intracellular regulation of sensitivity to TRAIL-induced apoptosis occurs at several levels in the submembranesignaling pathway. FLIP L (FLIP, hereafter) can interact with caspase-8 and inhibit apoptosis. We hypothesized that downregulation of FLIP would be necessary for unhindered transmission of the apoptotic signal in TRAIL-sensitive cells. Treatment of D54MG, U87MG, LN229and normal human astrocytes (NHA) cells using TRAIL with the TRAIL-sensitive 293 cells as a control, resulted in reduced levels of unprocessed FLIP in D54MG but not in LN229, U87MG or NHA cells, which corresponded with the individual sensitivities of these cells to TRAIL (Figure 3 ). In the TRAIL sensitive D54 cells, the decrease in FLIP levels was accompanied by the appearance of an additional 44 kD band which is likely a cleavage product in response to TRAIL treatment.
TRAIL downregulates Akt levels by caspase-dependent cleavage
Due to the frequent deletion of the MMAC1/PTEN gene in malignant gliomas, the PI3 kinase/Akt pathway is upregulated in these tumors and is relevant to their growth and proliferation. The PI3K/Akt pathway has also been implicated in the resistance to TRAIL-induced apoptosis in prostate cancer cells, suggesting that this mechanism may be relevant in gliomas; however, whether this finding is relevant to other cell types remains controversial. [22] [23] [24] To determine if TRAIL exerts its effect on cell viability by inhibiting signaling pathways involved in glioma cell survival, we assessed the levels of phosphorylated Akt in D54MG and U87MG cells. U87MG cells lack a functional MMAC1/PTEN gene and constitutively overexpress Akt, which is phosphorylated at both the Ser-473 and Thr-308 positions.
25 D54MG cells also showed a constitutive overexpression of phosphorylated Akt. Upon treatment with TRAIL, the levels of phosphorylated Akt diminished in D54MG but not in U87MG cells, suggesting that this effect correlated with the sensitivity of the cells to the effects of TRAIL. Further analysis showed that the decrease in phosphorylated Akt reflected a decrease in total Akt levels ( Figure 4A) . A cleaved product that corresponded with a previously described Akt cleavage product was seen in the TRAIL-treated samples. The reduction in Akt levels in response to TRAIL treatment in D54MG cells was abrogated by caspase inhibitors, suggesting that Akt was cleaved by caspases ( Figure 4B ). TRAIL-induced Akt cleavage could be independent from caspase-3
Previous reports have suggested that Akt is cleaved in response to caspase-3 activation and that specific aspartate residues (Asp108 and Asp119) are targeted by this caspase, resulting in Akt degradation. 18, 26 Given the central role for activated caspase-3 in TRAIL-induced apoptosis, we asked if the Akt degradation seen in glioma cells in response to TRAIL was specifically mediated by caspase-3. D54MG cells, transfected with the plasmids encoding wt Akt (pFLAG-hAkt1) or the caspase-3-noncleavable Akt mutants, pFLAG-Akt (D108A), pFLAG-Akt (D119A), or the double mutants pFLAG-Akt1(D108A, D119A) which contain alanine substitutions at the corresponding asparate sites, were exposed to TRAIL for 6 h and the levels of total Akt were determined using anti-Akt antibody by western blot analysis. TRAIL treatment resulted in degradation of the caspase-3-noncleavable Akt mutants to the same degree as the overexpressed wt-Akt and the endogenous Akt, suggesting that caspase-3 did not play a significant role in Akt cleavage in gliomas ( Figure 5A) . Overexpression of the exogenous mutant Akt forms, confirmed by assessing expression of FLAG-tagged proteins using an anti-FLAG M2 antibody and by EGFP expression as a measure of transfection efficiency (∼ 30%), did not inhibit TRAIL-induced apoptosis as assessed by the sub-G1 fraction compared with cells overexpressing wt Akt ( Figure 5B ). Robust expression of the FLAG tagged protein was detected in the cells transfected expressing FLAG-tagged proteins, which constituted nearly half the total cellular Akt. These results, combined with the finding that caspase inhibitors can abrogate Akt cleavage in response to TRAIL, strongly suggest that caspases other than caspase-3 are possibly involved in Akt cleavage.
Inhibition of Akt in gliomas enhances susceptibility to TRAIL
Akt overexpression has been shown to protect against TRAIL-induced apoptosis in some cell types. 22 Also, inhibition of the PI3-kinase/Akt pathway has been shown to increase susceptibility to TRAIL in certain cell types. 24 Due to the possibility that Akt may similarly protect against TRAIL-induced apoptosis in gliomas, we hypothesized that inhibition of endogenous Akt activity could enhance TRAIL-induced apoptosis. Because Wortmannin and LY294002 are not specific inhibitors of Akt and could induce diverse effects via inhibition of PI3-kinase and its other downstream targets, we utilized SH-6, a novel cellpermeable agent that specifically inhibits Akt without effects on PI3-kinase or PDK1. 17 Pretreatment of D54MG cells with SH-6 (10 or 20 µM) followed by addition of TRAIL (1 µg/ml) resulted in dose-dependent enhancement in degree of apoptosis compared with cells exposed to TRAIL alone ( Figure 6A ). SH-6 did not by itself induce apoptosis in D54MG cells, suggesting that the enhancement of apoptosis was due to the effect of TRAIL in the context of SH-6 induced decreased Akt activity and not due to an independent activity of SH-6. SH-6-treated cells ). The cells were exposed to TRAIL 24 h after transfection and the levels of total Akt were determined by immunoblot analysis. An anti-FLAG (M2) antibody was used to assess the levels of expression of the FLAG-tagged mutant proteins. (b) Following transfection with control vector or Akt mutant constructs, the cells were exposed to TRAIL and degree of apoptosis (sub-G1 fraction) was assessed by flowcytometric analysis. showed a slightly reduced level of phosphorylated (Ser-473) Akt but not total Akt ( Figure 6B ). Consistent with the expected inhibition of downstream effects of Akt, SH-6-treated cells showed a decrease in FLIP levels compared to control cells. These results suggest a protective role for Akt against TRAIL-induced apoptosis. Conversely, abrogation of Akt activity, such as by cleavage and degradation of the protein, could enhance the effectiveness of TRAILinduced apoptosis.
TRAIL activates JNK via caspase-dependent and caspase-independent pathways
Members of the TNF superfamily such as TNF-α and Fas are known to activate the stress-activated protein kinase, JNK. 27 To determine if the JNK signaling pathway is activated during TRAIL-induced apoptosis in gliomas, D54MG and U87MG cells were exposed to TRAIL. The ability of the total cellular protein lysates to phosphorylate the substrate, c-jun, was studied in an in vitro kinase assay used to measure JNK activation. In the TRAIL-sensitive D54MG cell line JNK activation was seen at 1 h after adding TRAIL, increasing to its maximum activity by 6 h (Figure 7) .
JNK activation by caspase-dependent and caspaseindependent mechanisms has been demonstrated in certain cell types following ligation of the death receptors. 4, 28 To determine a possible regulatory role for caspases in JNK activation in glioma cells, D54MG cells were exposed to the caspase inhibitors, z-IETD-fmk and z-DEVD-fmk, before being exposed to TRAIL for 6 h. When caspase-8 and caspase-3 were inhibited, JNK activity was also inhibited. In contrast, when U87MG cells were exposed to TRAIL, JNK was only minimally activated (data not shown). These results correlate well with the lack of caspase activation and resistance to TRAIL-induced death observed in these cells. Taken together, our data suggest that caspases have a role in the activation of the JNK signaling pathway in response to TRAIL in glioma cells.
TRAIL-induced JNK activation does not correlate with induction of apoptosis
To determine if the JNK signaling pathway contributed to TRAIL-induced apoptosis in gliomas, we studied how inhibiting JNK activation affected the induction of apoptosis in the TRAIL-sensitive D54MG cells. D54MG cells were exposed to D-JNK1, a cell-permeable inhibitor of JNK, or to a control peptide D-TAT for 2 h prior to TRAIL treatment. As expected, cells exposed to D-TAT exhibited a robust activation of JNK in response to TRAIL with the cells undergoing apoptosis, as measured by the sub-G1 DNA content. When D54MG cells were incubated with D-JNK1 for 2 h and then subsequently exposed to TRAIL, however, JNK activity was inhibited but the degree of cell death was not decreased compared with D54MG cells exposed to TRAIL alone or with those exposed to D-TAT and then to TRAIL (Figure 8A and  B) . These results suggest that the activation of JNK by TRAIL appeared to be independent of its ability to induce apoptosis. To ensure that the effect of JNK activation on apoptosis was not masked by the TRAIL concentration (1 µg/ml) used in this study, D54MG cells were exposed to lower doses of TRAIL (100 ng/ml and 500 ng/ml) with or without prior treatment with D-JNKI and assessed for JNK activation and induction of apoptosis. JNK activation was seen even at the lowest TRAIL concentration used (100 ng/ml) ( Figure 8C ). Inhibition of JNK activation using D-JNKI did not affect the degree of TRAIL-induced apoptosis ( Figure 8C , lower panel), confirming that JNK activation is not relevant to this effect in glioma cells in contrast with other malignant cell types.
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Discussion
Ligation of TRAIL to its receptors activates a complex set of signaling pathways, which ultimately results in induction of apoptosis. Due to its crucial association with survival and death signals, p53 influences cellular responses to death signals such as Fas ligand and TNF in certain cell types. 29, 30 Abnormalities in p53 status, frequently observed in malignant gliomas, are associated with the resistance of malignant cells to apoptosis. 31, 32 In the case of TRAIL, previous studies demonstrated that DR5, a p53-inducible gene, is upregulated in response to ionizing radiation or DNA-damaging agents, 33 although how levels of endogenous p53 determine sensitivity to TRAIL is not known. TRAIL-induced apoptosis was evident in the glioma cells studied, but the susceptibility to apoptosis varied in different cell lines. The finding that sensitivity to TRAIL was independent of p53 status in glioma cells is particularly relevant to therapeutic considerations of TRAIL in the clinical setting where more than 50% of malignant gliomas exhibit p53 mutations and/or inactivation of the p53 pathway via alterations in MDM2 or p14/ARF. 34 Our data also suggest that there is no correlation between levels of DR5 and endogenous p53 status or sensitivity to TRAIL in glioma cells.
In this study, caspase-8 was activated in TRAILsensitive glioma cells similar to previous reports in other cell types;
12,35 inhibition of caspase-8 was sufficient to prevent apoptosis, confirming a primary role for this apical protease in TRAIL-induced apoptosis. 3 Interestingly, partial caspase processing was seen in the TRAIL-resistant U87MG cells without activation of downstream apoptotic events, suggesting that mechanisms of resistance to TRAIL-induced apoptosis could, in part, act downstream of the apical caspases. Together, these results suggest that caspase-8 is the primary apical caspase involved in TRAILinduced apoptosis in gliomas. TRAIL treatment also resulted in recruitment of the indirect apoptotic pathway as seen by the cleavage of Bid and release of cyt C from the mitochondrial membrane. Despite initial assertions regarding the specificity of commercially available tetrapeptide caspase inhibitors for individual caspases, more detailed analysis has shown that these chemicals can also inhibit other caspases although at a higher concentration than the target caspase. These findings have occassionally confounded the interpretation of caspase inhibition experiments. Data in this study suggests that z-DEVD fmk (a caspase 3 inhibitor whose aldehyde form has been shown to inhibit caspase 8 also) was unable to prevent caspase 8 processing compared with z-IETD-fmk in D54 cells ( Figure 2 ) whereas both inhibitors prevented induction of apoptosis. These findings suggest that the level of inhibition by z-IETD-fmk was upstream of that by z-DEVDfmk supporting the conclusions regarding the sequence of caspase activation in gliomas.
In addition to activating apoptotic signals, TRAIL also modulates the varied components of cell survival pathways via mechanisms that have not yet been fully delineated. Overexpression of FLICE-inhibitory protein (FLIP), an endogenous caspase-8 inhibitor, has been shown to protect cells against TRAIL-induced apoptosis. FLIP in turn can be regulated via the PI3-kinase/Akt pathway; Akt downregulation results in decreased levels of FLIP. 36 This relationship suggests that FLIP's regulation via the PI3-kinase/Akt pathway could modulate TRAIL sensitivity at the level of caspase-8. Because TRAIL treatment in D54MG cells decreased the levels of FLIP expression, this mechanism of protection from death receptor-induced apoptosis is possibly inactivated in sensitive glioma cell lines, permitting unhindered caspase activation. In contrast, FLIP levels were unchanged in the TRAIL-resistant U87MG cells upon exposure to the ligand, although pretreatment of these cells with cycloheximide, a protein synthesis inhibitor, resulted in rapid sensitization of the cells to TRAIL (data not shown). The reversal of resistance previously described in TRAIL-resistant cells after treatment with cycloheximide has been partly attributed to the fact that FLIP is a cycloheximide-sensitive component of the TRAIL pathway, which has been implicated in resistance to TRAIL. 37, 38 The PI3-kinase/Akt cellular pathway is particularly relevant to proliferation and cell survival in malignant gliomas in which its constitutive activation results from the loss of function of PTEN/MMAC1. Activation of this pathway in vitro protects glioma and other malignant cells against apoptosis 39, 40 by phosphorylating and functionally inactivating several pro-apoptotic targets, including the BCL-2 family member BAD and the protease caspase-9. 41, 42 Many malignant glioma cell lines, including D54MG and U87MG cells, constitutively express activated Akt. 43 In the context of TRAIL activity, the overexpression of activated Akt can inhibit TRAILinduced apoptosis. 22 However, TRAIL's effect on endogenous Akt remains to be fully elucidated. In this study, TRAIL treatment resulted in a decrease in its phosphorylated form in D54MG, accompanied by cleavage of the protein in TRAIL-sensitive cells. Because the reduction of Akt levels was inhibited by caspase inhibitors, this effect appears to be directly regulated by a caspase-dependent mechanism. Supporting this possibility, we noted the appearance of a 44-kDa band in the immunoblot of TRAILtreated D54MG cells, which was absent in control cells, and appeared at 3 h in association with reduced levels of 60-kDa phosphorylated Akt, likely representing an Akt cleavage product (Figure 4) . Incubation of Akt with activated caspase-3 has previously been reported to result in cleavage of the protein with the formation of 40-and 44-kDa fragments similar to that seen in the present study. In this context, Akt sites for caspase 3-mediated cleavage have been identified at aa108 (TVAD) and aa119 (EEMD), mutation of which results in noncleavable Akt forms and protects against apoptosis induced by anoikis or Fas. 18, 26 However, in this study, D54MG cells overexpressing caspase-3-resistant Akt mutants (108A/119A) showed the same degree of sensitivity to TRAIL as those overexpressing wt Akt. Additionally, the mutant Akt forms underwent degradation to the same extent as the wild-type forms, suggesting that proteases other than caspase-3 were involved in cleavage. A similar finding was reported by Martin et al., who noted cleavage of caspase-3-resistant Akt mutants and lack of protection from apoptosis during H 2 O 2 -induced cell death. 44 Hence, TRAIL may activate other caspases such as caspase-7 that could participate in Akt cleavage. To further delineate the specific role of Akt in TRAIL-induced apoptosis, we used a novel Akt-specific inhibitor, SH-6, that does not affect the activity of other members of this pathway, such as PI3-kinase and PDK1. Increased TRAIL sensitivity was noted after Akt inhibition, providing further support for the protective role of Akt against TRAIL-induced apoptosis. The findings of this study could have relevance to cancer therapy given the continued preclinical progress of treatment approaches utilizing the TRAIL apoptotic pathway and could provide a rationale for combining Akt inhibitors with strategies that activate the TRAIL receptors.
JNK, a key mediator of inflammatory responses and a component of the stress-activated kinase pathway, 45, 46 is activated by phosphorylation in response to various stimuli that are related to cellular stress, including cytokines, chemotherapy agents, ionizing radiation, and UV exposure. 47 TNF family members such as Fas and TNF-α can also activate JNK. The significance of such activation in the induction of apoptosis is uncertain, but it appears to depend on the particular pathway that is involved, the duration of activation, as well as cell type. 20, [48] [49] [50] TNF activates JNK in a biphasic manner with an early transient activation preceding caspase activity and a later prolonged phase, which is temporally associated with caspase activation and the induction of apoptosis. In contrast, only the prolonged phase of JNK activation is associated with Fas-L and appears to correlate with caspase activity. 51 The activation of JNK that we observed following exposure to TRAIL most closely resembled the kinetics of Fasinduced JNK activation. The temporal profile correlated with the kinetics of caspase activation in D54MG cells. In keeping with this observation, when caspase activity was inhibited by z-DEVD-fmk, JNK activation was abolished. However, when TRAIL-induced JNK activation was inhibited by Forskolin or D-JNK1, the degree of apoptosis remained unchanged, suggesting that JNK activation does not contribute to apoptosis in glioma cells. This finding contrasts with the results of Herr et al. that JNK activation contributed to TRAIL-induced apoptosis in lymphoid cells, 52 but is similar to the finding by Low et al. that inhibiting JNK activation associated with Fas activation did not affect the induction of apoptosis. 53 TRAIL induces apoptosis in gliomas independent of their p53 status and negates the protective effects of Akt and FLIP, thus promoting apoptosis. Agents targeting TRAIL receptors against malignancies, including anti-DR4 and anti-DR5 antibodies, which have been extensively investigated in preclinical studies, are currently in clinical trials. Our results suggest that TRAIL activates death pathways in glioma cells and also downregulates critical survival factors that might otherwise provide protection for the cells, a finding that has implications for the potential therapeutic use of TRAIL against this malignancy.
